Editor's key points † Delayed cerebral ischaemia (DCI) is the major cause of morbidity and mortality after aneurysmal subarachnoid haemorrhage. † Nimodipine remains the only proven therapeutic intervention. † Some early advances have been made in understanding the pathophysiology of DCI. † Better understanding is required to drive therapeutic advances.
with 'good' functional outcomes are frequently left with significant residual neurocognitive deficits in areas such as memory, executive functioning, and language. 3 4 Delayed cerebral ischaemia (DCI) is a clinical syndrome of focal neurological, cognitive deficits, or both that occurs unpredictably in 30% of patients unpredictably 3-14 days after the initial haemorrhage. 5 While aneurysmal re-bleeding is still a significant complication in the hours following the initial bleed, DCI remains the single most important cause of mortality and morbidity in those patients who survive to definitive aneurysm treatment. 6 Historically, it was widely considered that the primary mechanism underlying delayed neurological deterioration after SAH was narrowing of cerebral blood vessels (due to endothelial hypertrophy and vasoconstriction), leading to tissue ischaemia. This process was thought to be mediated by the presence of extravasated blood in the subarachnoid space. Arterial constriction visualized angiographically, in association with neurological deterioration seen clinically soon led to the use of the term 'vasospasm' to describe both the clinical and radiological changes. However, an emerging body of evidence now suggests that DCI is likely to have a multifactorial aetiology beyond pure cerebral arterial constriction. This has significant implications on the identification of patients at risk, diagnosis, and therapeutic interventions currently available for prophylaxis and treatment of DCI.
In the past, research into DCI has been complicated by the wide range of terms used to define the condition resulting in confusion regarding the underlying pathophysiology. The differing approaches to treating the ruptured cerebral aneurysm (either surgical clipping or endovascular coil embolization) have made comparison of trials investigating DCI difficult. In 2010, a consensus statement by a multidisciplinary group proposed new definitions for clinical deterioration caused by DCI and cerebral infarction after SAH (Table 1) , 7 which will hopefully simplify study comparisons, standardize clinical endpoints, and allow accurate meta-analyses to be conducted. In 2011, the Neurocritical Care Society published consensus guidelines on the critical care management of patients after SAH.
This review concentrates on clarifying the role of vasoconstriction in DCI, highlights novel theories regarding the pathogenesis behind DCI, and summarizes the evidence for current and new therapeutic strategies. Through this, we hope to explore unanswered questions and propose directions for future research into DCI.
Vasoconstriction and DCI
Acute clinical deterioration during the period after SAH has long been known to occur after aneurysmal rupture. Early case reports showed that some patients with early improvement in neurological state after SAH rapidly and unexpectedly deteriorated and died in the days after the initial SAH. 9 Although the cause of the initial bleed was identified as cerebral aneurysm rupture, the mechanism behind this subsequent deterioration was unclear. In 1949, post-mortem examination of 27 fatal cases of SAH demonstrated infarction remote from the site of the ruptured aneurysm, despite apparently patent cerebral vessels. 10 This was attributed to 'temporary spasm of the supplying vessels . . . even of those vessels remote to the aneurysm' and was the first suggestion that cerebral arterial vasoconstriction was linked to delayed clinical deterioration after SAH. Radiological evidence of cerebral vasoconstriction in association with SAH in patients was first described in 1951 using serial carotid arteriograms. 11 Vessel narrowing was greatest near the site of the ruptured aneurysm and correlated with extravasated blood products. It was noted that vasoconstriction was rarely seen in angiograms performed 26 days post-SAH. The hypothesis was that after the initial bleed, 'vasospasm' of cerebral arteries might lead to impaired circulation in the territory of the brain supplied by the affected vessel. In 1978, a classification for SAH based on the pattern of blood distribution seen on computed tomography (CT) in a case series of 47 patients with SAH reported an almost exact correlation between the site of the major subarachnoid blood clots and the location of severe angiographic vasoconstriction. 12 Conversely, angiographic vasoconstriction was invariably absent in those patients with minimal subarachnoid blood load. Further angiographic evidence in almost 300 SAH patients showed that this vasoconstriction began day 3 post-SAH, was maximal at days 6 -8, and had disappeared by day 12. 13 As a result of this work, the concept of extravasated blood from aneurysm rupture leading to a chain reaction of cerebral artery vasoconstriction, tissue infarction, and clinical deterioration has been widely held. However, although SAH is associated with cerebral vasoconstriction 13 14 and cerebral infarction after SAH is strongly associated with poor clinical outcomes, 15 16 the exact contribution of cerebral vasoconstriction in DCI remains unclear for the following reasons:
(1) Although the incidence of angiographic vasoconstriction during the second week post-SAH (the peak incidence) is around 70%, 5 the clinically detected incidence of DCI is only around 30%.
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(2) After SAH, patients can develop cerebral infarction in a vascular distribution unaffected by angiographic vasoconstriction 18 and cerebral infarction seems to exert a direct effect on poor outcome independent of angiographic vasospasm.
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(3) The temporal relationship between angiographic evidence of vessel constriction and DCI is poor.
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(4) The calcium channel antagonist nimodipine remains the only pharmacological treatment to improve outcomes from DCI, yet this benefit is achieved without angiographic evidence of cerebral vasodilation. 21 22 (5) Treating angiographic vasospasm does not always lead to improvements in clinical and functional outcomes. 23 24 Recently, a number of new theories have been proposed that may contribute towards understanding the pathophysiology behind DCI.
Novel theories regarding DCI pathogenesis

Early brain injury
Although the initial acute cerebral ischaemia caused by aneurysmal rupture accounts for the majority of the mortality and morbidity from SAH, 25 the pathophysiological changes that occur at this time remain poorly understood and few therapeutic or diagnostic interventions are available. 'Early brain injury' is a term that refers to the damage that occurs to the brain in the first 72 h after the initial bleed The presence of cerebral infarction on either:
(1) CT or MRI scan of the brain within 6 weeks after SAH (2) The latest CT or MRI scan made before death within 6 weeks after SAH (3) Proven at autopsy This evidence must not be present on the CT or MRI scan between 24 and 48 h after early aneurysm occlusion and must not be attributable to other causes such as surgical clipping or endovascular treatment Hypodensities on CT imaging resulting from ventricular catheter or intraparenchymal haematoma should not be regarded as cerebral infarctions from DCI ( Fig. 1) . 26 Although this is before the onset of DCI, it seems probable that the physiological changes occurring at this time may directly influence the likelihood and severity of later ischaemic complications in patients after SAH. The majority of data on the pathophysiological changes that occur at the time of aneurysm rupture derives primarily from animal studies of SAH, mainly in rats. Although experimental results seem to mirror measurements in patients with aneurysmal re-bleeding and intracranial pressure (ICP) monitoring in situ, the majority of animal models rely on iatrogenic damage to cerebral vessels to simulate aneurysm rupture and induce subarachnoid bleeding. As a result, some authors have questioned the applicability of rat models to the study of SAH in humans, 27 and there is a need for new animal models of SAH with a high incidence of spontaneous cerebral aneurysm rupture. 28 
Initial physiological changes
At the time of the SAH, blood extravasates from a rupture in the aneurysm and leaks under high pressure into the subarachnoid space. The size of the rupture defect correlates with the volume of blood clot present. 29 Within minutes of aneurysm rupture, there is an associated rapid increase in ICP, with the rate of increase reflecting the severity of the initial bleed. This accounts for the 'thunderclap' headache seen clinically in patients and is often accompanied by syncope caused by a sudden reduction in cerebral blood flow (CBF) and cerebral perfusion pressure (CPP). 30 This sharp increase in ICP is thought to be a mechanism for arresting the initial aneurysmal bleed and preventing subsequent re-bleeding-so called 'brain tamponade'. 30 Putative causative mechanisms include increased intracranial volume secondary to the bleed, vasoparalysis (leading to increased cerebral blood volume), and cerebrospinal fluid (CSF) drainage obstruction due to blood clot. 31 There are two distinct patterns to this increase in ICP. In most patients, ICP increases to a value approximating diastolic arterial pressure, then decreases to slightly above baseline. 32 This is usually accompanied by small volume haemorrhage and the presence of cerebral oedema. The second pattern of ICP increase is less common and is characterized by a sustained increase in ICP due to enlarging haematoma or the development of acute hydrocephalus. 33 34 The peak ICP values at the time of aneurysmal rupture correspond to both the amount of blood released into the subarachnoid space and the rate of haemorrhage. 14 32 35 Marked acute cerebral vasoconstriction at this time has also been described that seems to occur independently of changes in CPP and ICP and is likely to contribute to the cerebral ischaemia from aneurysmal rupture. 14 
Cerebral oedema
Cerebral oedema is a common feature of both experimental and clinical subarachnoid haemorrhage. It is evident on admission CT scans in 6-8% of patients 6 36 and develops over the first 6 days in an additional 12%. 36 After SAH, there is substantial damage to blood-brain barrier integrity due to apoptosis of endothelial cells and perivascular astrocyte cell death. 37 Cerebral autoregulation
Acute impairment of cerebral autoregulation is seen as a consequence of the initial aneurysmal rupture. 38 39 Cerebral autoregulation is the inherent ability of blood vessels to maintain CBF constant over a wide range of arterial pressure levels by means of complex myogenic, neurogenic, and metabolic mechanisms. 40 In humans, CBF autoregulation typically operates between mean arterial pressures of 60 and 150 mm Hg. 41 If these autoregulatory mechanisms are disrupted, CBF becomes dependent on CPP and blood viscosity and changes in systemic arterial pressure 148 and ICP can worsen cerebral oedema and brain tissue ischaemia.
Inflammation and oxidative stress
There is evidence to suggest early activation of inflammatory pathways after aneurysmal rupture and that the extravasated blood is responsible for a cascade of reactions involving the release of pro-inflammatory and vasoactive factors. 42 An early increase in pro-inflammatory cytokines including tumour necrosis factor-a, interleukin-6, and interleukin-1 receptor antagonist has been documented in both serum and CSF of patients after SAH, and correlates with acute and DCI and poor outcome. 43 44 Cortical spreading depression and DCI
Over the last few years, cortical spreading depression (CSD) has been identified as a potential pathophysiological mechanism contributing to DCI. The term describes a depolarization wave in cerebral grey matter that propagates across the brain at 2-5 mm min 21 and results in depression of evoked and spontaneous EEG activity. 45 First demonstrated experimentally in the 1940s in rabbit cortex, the process was originally regarded as experimental artifact with little relevance to neurological disease in humans. Recently, however, there has been a resurgence of interest in CSD. Electrocorticographic recordings from invasive subdural recording strips, combined with laser Doppler measurements of regional CBF have allowed accurate quantification of the vascular changes associated with CSD. As a result, it has been implicated in the pathophysiology of a number of neurological diseases, including migraine, 46 malignant hemispheric stroke, 47 traumatic brain injury, 48 and DCI after SAH. 49 To demonstrate CSD experimentally in healthy brain tissue, either mechanical or electrical stimulation of the cortex is required. 50 Propagation of the CSD wave silences spontaneous and evoked synaptic activity in the brain for 5-15 min, and is followed by spontaneous return to normal function. 51 Characteristic cerebrovascular changes include a brief period of vasoconstriction before the CSD, vasodilation accompanying the spreading wave front followed by delayed tissue hypoperfusion after the wave. 52 In contrast to this, in the injured brain, CSDs can occur spontaneously and recovery of normal function can be prolonged, contributing to tissue ischaemia. The classic pattern of transient, hyperperfusion accompanying the CSD wave front seems to be different. In SAH, there is good evidence from animal models and patient studies that CSDs occur after the initial bleed. 49 53 CSDs can occur as isolated events or as clusters and there appear to be three distinct vascular responses to CSD in SAH: physiological (spreading hyperperfusion), absent (no change from baseline), and inverse haemodynamic (spreading ischaemia) (Fig. 2 ). 49 Spreading ischaemia was first described in a rat model of DCI and results from local microvascular dysfunction. It is thought that with each depolarization, there is an associated profound hypoperfusion of the cortex due to vasoconstriction. 54 With each wave of spreading depression, the hypoperfused segments of the cortex do not get the chance to recover and are therefore exposed to recurrent episodes of tissue ischaemia. The incidence of CSDs measured in patients after SAH also seems to correlate with the time frame for the development of DCI, with data from one study demonstrating that 75% of all CSDs recorded occurred between the fifth and seventh day after SAH. 55 CSDs also seem to occur in the absence of angiographic vasoconstriction. Despite placement of nicardipine pellets around the middle cerebral artery (at the time of surgery) to minimize proximal vasoconstriction, spontaneous depolarizations still occurred in 10 out of 13 patients, 56 casting further doubt on the exact nature of the contribution of proximal vessel constriction to DCI.
Microthrombosis
A number of studies have shown that the coagulation cascade is activated early after the initial SAH and importantly, preceding the onset of DCI. This is most likely as a result of endothelial damage from aneurysm rupture and subsequent acute cerebral ischaemia and there is serological, clinical, and post-mortem evidence that this early activation is an early predictor of both DCI and cerebral infarction (Fig. 3) . Serological studies of patients after SAH have demonstrated activation of the coagulation cascade and impairment of the fibrinolytic cascade. Levels of platelet-activating factor start to increase within 4 days after SAH, suggesting increased platelet activation and adhesion. 57 Elevated concentrations of von Willebrand factor and CSF tissue factor (the primary initiator of coagulation) in the first few days after SAH have been shown to predict the occurrence of DCI, cerebral infarction, and poor outcome. 58 59 Other studies have shown that overactive inhibition of fibrinolysis is associated with DCI 60 and that elevated levels of fibrin degradation products and D-dimer in the CSF of patients after SAH are associated with DCI, cerebral infarction, and poor outcome. 61 Further evidence to support the role of microthrombosis in DCI is provided by trans-cranial Doppler (TCD) detection of micro-emboli. A prospective study using TCD showed that micro-embolic signals were present in up to 70% of SAH patients, with a non-significant trend towards an increased incidence of micro-emboli in those patients who went on to develop DCI. 62 Post-mortem studies of SAH patients have also demonstrated evidence of microthrombi. Patients with DCI have significantly more microthrombi in areas showing cerebral infarction than those patients that die from aneurysmal re-bleed or hydrocephalus. 63 Microthrombosis also correlated with the amount of overlying free subarachnoid blood and clinical and pathological signs of ischaemia. 64 Interestingly, a post-mortem study into microthrombosis after SAH showed that while cortical ischaemic lesions were present ). The lower half of the figure demonstrates the inverse hemodynamic response to spreading depolarization in another patient with aSAH. In this case, the spreading depolarization propagates from opto-electrode 5 (blue) to 3 (red) (propagation rate: 3.1 mm min
21
). The high-frequency activity is already suppressed by a preceding CSD at electrode 4 (trace 9), when depression of activity is induced by spreading depolarization at electrode 5 (trace 10). Traces 11 and 12: typical inverse haemodynamic response to spreading depolarization as characterized by a severe decrease of regional cerebral blood flow (CBF) in response to the depolarization. Such severe decrease of regional CBF in response to CSD is termed spreading ischaemia. The prolonged negative cortical DC shift (compare trace 8) is the defining electrophysiological feature for the inverse haemodynamic response. It indicates that the hypoperfusion is significant enough to produce a mismatch between neuronal energy demand and supply (Dreier et in 77% of patients, there was no significant association between the presence of these lesions and angiographic vasospasm or aneurysm location. 65 
Collateral cerebral circulation
Although the importance of the pathophysiological recruitment of collaterals in the setting of chronic haemodynamic insufficiency (such as carotid artery stenosis) has been well documented, 66 67 the impact of collateral flow in acute cerebral ischaemia is less clear. The cerebral collateral circulation consists of a subsidiary network of vascular channels that stabilize CBF when principal conduits fail. 68 Primary collaterals include the anterior and posterior communicating arteries of the circle of Willis, which immediately divert cerebral blood flow to ischaemic regions through existing anastomoses. Secondary collaterals include leptomeningeal vessels and reversal of blood flow in the ophthalmic artery, and are normally only recruited when the primary collateral circulation is inadequate. Early clinical improvement in ischaemic stroke patients is linked to the presence of cerebral collateral blood supply. 69 Magnetic resonance imaging (MRI) studies of patients with ischaemic stroke have also shown that collateral flow in the circle of Willis is associated with a reduction in the prevalence of ischaemic lesions and minimizes the degree of residual tissue hypoperfusion after arterial occlusion. 70 Little attention is generally paid to pre-treatment collateral status in clinical practice in SAH patients. This is despite considerable heterogeneity in the presence of collateral vessels demonstrated in patients with ischaemic stroke. 70 71 Following SAH, we speculate that patients with greater capacity for collateral flow may suffer less initial ischaemic damage from early brain injury. Furthermore, recruitment of collateral vessels may be the mechanism behind the reversal of neurological deficits seen with induced hypertension as part of triple-H therapy. Clinical assessment of collateral flow is usually limited to CT or MR angiography with the former requiring ionizing radiation and both requiring i.v. contrast. Improvements in MRI sequences now allow the non-invasive assessment of flow in the circle of Willis and other cerebral collateral pathways such as the ophthalmic artery. Identifying those patients with poor collateral flow may enable earlier treatment strategies, such as induced hypertension, to improve cerebral perfusion.
How have clinical therapeutic interventions aided the understanding of DCI?
At present, the majority of therapeutic strategies targeting DCI are focused on reducing secondary ischaemic brain injury and treating cerebral vasoconstriction. However, the exact role of cerebral vasoconstriction remains unclear and as a result, the rationale behind some treatment strategies requires further examination.
Clazosentan
Clazosentan is an endothelin (ET)-A antagonist that was heralded as a potential pharmacological treatment for DCI after SAH. As ET is known to play a key role in maintaining vascular tone in blood vessels, it was hypothesized that pharmacological antagonism of ET receptors might be of therapeutic benefit in reducing cerebral vasospasm and DCI. The ET receptor antagonist TAK-044 was studied but showed no beneficial effects on DCI, cerebral infarction, or functional outcome at 3 months (as measured by the Glasgow outcome score). This was attributed to non-selective antagonism of both ET-A and ET-B receptors. 72 Further studies using clazosentan, a selective ET-A receptor antagonist, showed promise with a reduction in the frequency and severity of vasospasm after SAH 73 and a reduction in vasospasm-associated impaired cerebral perfusion. Unfortunately, the subsequent multicentre CONSCIOUS-1 randomized control trial (RCT) showed that despite significant reductions in angiographic cerebral vasoconstriction, clazosentan failed to show a significant effect on morbidity and mortality and no obvious effect on functional outcome. 23 Furthermore, clazosentan showed no significant benefit in a subgroup of SAH patients treated with surgical clipping, leading to the early termination of the CONSCIOUS-2 trial 75 and the cancellation of the planned CONSCIOUS-3 trial in SAH patients treated with endovascular coiling. 76 From the CONSCIOUS trials, it would appear that, despite questions raised regarding study design, duration of treatment, and scoring scales, 77 the pathophysiological mechanism behind DCI is likely to extend beyond pure large vessel vasoconstriction. The effect of clazosentan on the cerebral microcirculation is unclear and the drug seems to have little effect on the coagulation disturbances seen after SAH such as microthrombosis. 78 
Nimodipine
Despite extensive research into pharmacological treatment of DCI, the L-type dihydropyridine calcium channel antagonist nimodipine remains the only intervention to consistently reduce the incidence of DCI and improve outcomes after SAH. Calcium plays a critical role in cellular communication and regulation and is important for the maintenance of normal cerebral vascular tone. 79 Uncontrolled intracellular shifts in calcium concentration associated with cerebral ischaemia cause irreversible cell destruction and death, especially in the central nervous system 80 and as a result, calcium is likely to play an important role in initiating, mediating, and propagating damage to cells after SAH. Nimodipine was first tested as a treatment for DCI due to its preferential vasodilation of the cerebral circulation and experimental work showing reduced impairment of postischaemic reperfusion. 81 The largest clinical trial of nimodipine on DCI (the British Aneurysm Nimodipine Trial) randomized patients to either oral nimodipine 60 mg at 4 h intervals or placebo for 21 days after SAH 82 and showed significant reductions in both the incidence of cerebral infarction and poor neurological outcomes at 3 months post-SAH. Further meta-analyses including a Cochrane review in 2007 83 have echoed these findings and led to oral nimodipine becoming a standard of care for patients from the time of the initial haemorrhage. 22 83 The precise mechanism behind the beneficial effects of nimodipine remains unclear and seems independent of any action on large vessel angiographic vasoconstriction. 21 It may be that nimodipine has a neuroprotective effect in SAH by blocking calcium influx after tissue ischaemia at a neuronal level. 84 However, as nimodipine does not exert a beneficial effect on other diseases that lead to cerebral ischaemia such as ischaemic stroke 85 or traumatic brain injury, 86 it seems likely that it acts on a mechanism specific to SAH. A systematic review of calcium antagonists showed that nimodipine significantly increases endogenous fibrinolytic activity and that this effect is not found with other calcium antagonists such as phenylalkylamines. 87 This may act to reduce the incidence of microthrombosis after SAH. Finally, there is evidence that nimodipine antagonizes cortical spreading ischaemia in rats, 88 and this may be of importance, given the potential role of CSD in the pathogenesis of DCI.
Induced hypertension, hypervolaemia, and haemodilution ('triple-H therapy')
Haemodynamic strategies to induce hypertension, hypervolaemia, and haemodilution remain the mainstay of the neurocritical care management of DCI. However, despite its widespread use, much of the literature supporting triple-H therapy is only of moderate quality with RCTs only addressing prophylactic use. The physiological rationale behind triple-H therapy is based on the haemodynamic consequences of cerebral arterial vasoconstriction. As vessel diameter decreases, cerebrovascular resistance shifts from smaller penetrating arterioles to the major branches of the circle of Willis. As a result, brain tissue supplied by these narrowed proximal branches loses its capacity for autoregulation and CBF varies directly with systemic arterial pressure according to the HagenPoiseuille law. Therefore, given that the vessel diameter is fixed, the only variables that can potentially be manipulated to improve CBF in patients after SAH are the pressure gradient (i.e. systemic arterial pressure) and blood viscosity (i.e. haematocrit).
Early anecdotal evidence suggested that hypotension could lead to neurological deficits in patients after 'cerebrovascular accidents'. 89 This seemed especially significant in those patients where hypotension was associated with evidence of structural narrowing of major cerebral blood vessels. As a result, induced hypertension was tried in patients after SAH with an early case series showing reversal of neurological deficits in six out of seven patients through the use of norepinephrine to increase arterial pressure and volume expansion with colloid. 90 A larger retrospective review of induced hypertension and volume expansion in 58 patients supported these findings. 91 However, there were significant complications including aneurysmal re-bleeding (19%), pulmonary oedema (17%), dilutional hyponatraemia (3%), and coagulopathy (3%). Recent studies of triple-H therapy in DCI have attempted to use physiological outcome measures such as brain tissue oxygenation and CBF to assess the individual contribution of each of the components of haemodynamic augmentation, that is, induced systemic hypertension (either through vasopressors or inotropes), volume expansion, and haemodilution. A Cochrane review of three studies analysing the evidence supporting volume expansion therapy concluded a lack of benefit, and that hypervolaemia could potentially increase complications after SAH. 92 A recent meta-analysis found no good evidence for a positive effect of triple-H therapy or any of its components on CBF after SAH. 93 Haemodilution did not increase CBF and hypervolaemia was only beneficial in one of seven trials. The consensus guidelines recently published by the Neurocritical Care Society 8 make a number of recommendations regarding each of the individual components of triple-H therapy. It seems that any benefit that might occur from haemodynamic manipulation of SAH patients is likely to primarily derive from increasing or stabilizing systemic arterial pressure and avoidance of hypovolaemia. Owing to its widespread use, randomized outcome studies of induced hypertension and untreated control groups are now unlikely. Further research is needed into the timing and effects of different pharmacological and mechanical strategies for inducing hypertension on outcomes from DCI.
Magnesium
Magnesium is a non-competitive calcium channel antagonist and potent vasodilator with known neuroprotective properties. Hypomagnesaemia occurs in more than 50% of patients with SAH, is related to severity of bleed, and is predictive of DCI. 94 As a result, a number of studies have investigated the role of i.v. magnesium therapy in preventing and treating DCI.
In animal models of SAH, magnesium reverses delayed cerebral arterial vasoconstriction and reduces the size of ischaemic lesions. 95 There is evidence to suggest that magnesium reduces the rate and frequency of CSD. 96 However, the only phase III RCT conducted to date [Intravenous Magnesium Sulphate for Aneurysmal Subarachnoid Haemorrhage (IMASH) trial] showed no difference in the proportion of patients with a favourable outcome at 6 months or in the incidence of DCI or cerebral infarction. A post hoc analysis showed an association between high plasma magnesium concentrations and worse clinical outcomes. 97 The results of this trial have considerably dampened enthusiasm for the routine use of magnesium and an updated systematic review and meta-analysis further demonstrated no beneficial effect of magnesium in DCI. 98 As a result, it has been recommended in the Neurocritical Care Society guidelines that magnesium should not routinely be given to patients after SAH (although hypomagnesaemia should be avoided). 8 
Statins
There has been interest in using statins in SAH, for both the prevention and treatment of DCI. The pleiotropic vascular effects of statins include beneficial actions on endothelial inflammation, 99 oxidative stress, 100 and the inhibition of platelet adhesion and aggregation 101 and these underlie the benefits they exert on atherosclerotic cardiovascular disease. Given that statins are relatively safe, cheap, and easy to administer, they seem a logical intervention to trial in the prevention of DCI. Animal studies have demonstrated that statins may ameliorate early brain injury after experimental SAH 102 and improve neurocognitive outcomes. 103 To date, four prospective, randomized, placebo-controlled trials have been published evaluating the efficacy of statins in the prevention of DCI. These investigated a combined total of 190 patients with three of the studies trialling simvastatin 80 mg for 14-21 days 104 -106 and one study trialling pravastatin 40 mg for a maximum of 14 days. 107 Although the first two published studies reported beneficial effects in reducing episodes of DCI, TCD vasospasm, and mortality, these findings were not found in the more recent studies. There was also significant variation in the proportion of clipped and coiled patients and high-grade patients between the studies making comparison difficult. Additionally, although up to 50% of patients in the pravastatin trial did not complete the course of treatment, results were still analysed on an intention-to-treat basis. 107 A recent meta-analysis of RCTs included these four studies and reported that statins had no significant effect on any of the relevant outcomes, including clinical episodes of DCI, mortality, poor neurological recovery, and TCD vasospasm. 108 Given the efficacy of statin pre-treatment in animal models, 109 the impact of prior statin use in patients presenting with SAH has also been investigated in observational studies. Two studies demonstrated reductions in DCI and improved clinical outcomes in SAH patients with previous statin use. 110 111 However, continuity of statin therapy on admission was not clearly discussed in either study and further studies have shown either no benefit or increased risk of DCI in patients pre-treated with statins, although this latter finding was reported as being caused by statin withdrawal on admission. 112 113 Although statin therapy seems safe post-SAH in statinnaïve patients, it remains unclear whether statins exert a beneficial effect in preventing DCI and improving clinical outcomes. The Neurocritical Care Society Guidelines recommend that patients on statins before presentation with SAH should have their medication continued in the acute phase but only suggest that acute statin therapy 'may be considered' in statin-naïve patients. 8 Hopefully, the results of a larger, prospective randomized controlled study-the Simvastatin in Aneurysmal Subarachnoid Haemorrhage ('STASH') Trialthat has recently restarted patient recruitment should help clarify whether statins should be routinely given to all patients after SAH.
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Anti-coagulant/anti-fibrinolytic therapy
As activation of the coagulation cascade and microthrombi may play a role in the pathogenesis of DCI, attention has focused on drugs targeting these processes. Aspirin was used in an attempt to reduce DCI by reducing platelet adhesion and aggregation. A systematic review of five trials with a total of 700 patients suggested a reduction in the risk of DCI in SAH patients. However, an RCT investigating the effect of 100 mg aspirin was stopped early as an interim analysis suggested that the probability of a beneficial effect was negligible. 115 Although a Cochrane review in 2007 suggested a trend towards better outcome in patients treated with anti-platelet agents, this was non-significant and accompanied by the possibility of an increase in the risk of haemorrhagic complications. 116 The role of low molecular weight heparins (LMWHs) in DCI has also been investigated. The anti-coagulant activity (antagonism of antithrombin III) of LMWH may prevent the formation and spread of microthrombi and there is evidence of neuroprotective effects. They act on complement and neutrophils to reduce cerebral inflammation in response to ischaemic lesions, 117 118 have anti-oedema properties, 119 and may reduce intra-neuronal calcium release after ischaemic injury. 120 However, two large placebo-controlled RCTs studying enoxaparin and DCI demonstrated contradictory results, 121 122 and further, large, multicentre trials are required to clarify whether these drugs have a beneficial effect on reducing DCI. A Cochrane review of anti-fibrinolytic therapy for the prevention of aneurysmal re-bleeding showed that reductions in mortality from re-bleeding were offset by an increase in poor outcome from DCI. 123 The potential of intrathecal fibrinolysis has been investigated and although a systematic review showed a significant risk reduction in DCI and poor outcome, only one of the nine studies was an RCT and its role remains unclear. 124 
Future directions for DCI research
Determining the genetic determinants of DCI It seems logical that genotypic variability may define the susceptibility of individual patients to both the initial ischaemic injury caused by aneurysmal rupture and subsequent secondary damage caused by DCI. Genetic predisposition to the individual pathophysiological mechanisms that may underlie DCI such as cerebral vasoconstriction, CSD, and microthrombosis may vary between individual patients.
Endothelial nitric oxide synthase
Much of the research into genetic influences underlying DCI has focused on reducing cerebral vasoconstriction-in particular through targeting the gene encoding the endothelial isoform of nitric oxide synthase (eNOS). Nitric oxide (NO) inhibits smooth muscle proliferation and inflammation-both pathophysiological features of the cerebral vasoconstriction seen after SAH. There is evidence that certain eNOS polymorphisms are significantly associated with angiographic cerebral arterial narrowing after SAH, and also cerebral aneurysm rupture. 125 126 However, others have shown no association between eNOS polymorphisms and cerebral infarction or the incidence of clinical deterioration in patients. 127 This suggests that the influence of eNOS polymorphisms is primarily limited to vascular constriction and further questions the significance of the contribution of vessel narrowing to DCI.
Apolipoprotein E
The association between apolipoprotein E (ApoE) and neurocognitive outcomes after SAH has been investigated. ApoE is a carrier protein that combines with lipids to form lipoprotein particles which is involved in the metabolism and transport of lipids in the central nervous system. Three common alleles of the ApoE gene are found in humans-12, 13, and 14. The presence of the 14 allele is known to be associated with increased risk of developing Alzheimer's disease 128 and poor outcomes after traumatic brain injury, 129 and intracerebral haemorrhage, 130 although this association does not seem to extend to ischaemic stroke. 131 The association between ApoE and DCI is conflicting, with an animal model of SAH showing that mice expressing the 14 protein have greater cerebral vasoconstriction, functional deficit, and mortality after SAH than those with the 13 protein. 132 However, in SAH patients, an association between ApoE4 and poor functional outcomes 133 and a meta-analysis of eight observational studies concluded that the expression of the 14 allele is associated with an increased risk of poor outcome and delayed ischaemia. 134 The most recent prospective study found that neither the 12 nor the 14 allele was associated with infarction or poor outcome and concluded that ApoE polymorphisms have no prognostic value for outcome after SAH. 135 The largest association study of ApoE and SAH showed no significant difference between the presence of the ApoE4 genotype and functional outcomes at 3 and 6 months when controlling for age, size of haemorrhage, and clinical severity of SAH. 136 However, when severity of cerebral arterial vasospasm was controlled between the groups, individuals with the 14 allele had worse functional outcomes at both time points. This suggests that the 14 allele may not directly influence cerebral vasoconstriction and may instead act to modulate the response of brain tissue to ischaemia. Although a number of theories have been proposed including protection from oxidative injury 136 and suppression of lymphocyte proliferation and glial cytokine secretion, 137 further work is required to clarify the specific mechanism by which ApoE is associated with DCI and whether certain alleles can be used to reliably identify patients at risk. Further investigation of the impact of genetic influences in response to therapeutic interventions such as induced hypertension, statins, and nimodipine is required, in addition to further research into those genes that regulate inflammation and fibrinolysis.
The interaction between anaesthetic agents and CSD There is currently no data published comparing the effects of inhalation and i.v. agents on CSD. This is especially important as i.v. agents such as propofol, fentanyl, and remifentanil are extensively used in both neuroanaesthesia and neurocritical care. The effect of propofol on CSD has yet to be formally investigated, although evidence that propofol, and thiopental, attenuate gap -junction coupling 142 and that thiopental may reduce the incidence of CSD in vitro may be relevant. 143 Ketamine, known to increase ICP and therefore rarely used in the management of patients with SAH, may also behave like volatile agents and block CSD. 144 This evidence has been reinforced by case reports showing the inhibition of CSD and restoration of normal electrocorticographic activity with ketamine in intracranial haemorrhage. 145 As a result, more research into the choice of sedative agent and CSD is needed.
Biomarkers for DCI
The delay between aneurysmal rupture and the onset of DCI offers a unique opportunity to apply a therapeutic intervention to patients after SAH. The recent consensus definitions quoted earlier in this article should be commended for providing a clear 'threshold' for the clinical diagnosis of DCI in patients. However, given that the majority of patients with poor grade SAH require sedation and mechanical ventilation, diagnosis of DCI by clinical assessment is often impossible. It also seems logical to suggest that DCI is in fact a spectrum of disease with patients exhibiting varying degrees of severity. If this is the case, then the reliance of this clinical definition on a change in Glasgow coma scale, which is relatively insensitive to subtle changes in neurocognitive function, may leave some patients with sub-threshold DCI undiagnosed and untreated. Identifying objective biomarkers for DCI therefore remains a key research priority. Unfortunately, the uncertain pathophysiology of DCI has made this process difficult with no specific or sensitive serum or CSF biomarker currently available. Measures of axonal degeneration such as CSF neurofilament heavy chains (NfH) have shown some early promise in identifying secondary ischaemic damage caused by DCI and may be useful in those patients who require CSF diversion on the neurocritical care unit. 146 Other serum markers such as highsensitivity C-reactive protein may identify the inflammatory activation that is specifically related to DCI. 147 Currently, the invasive nature of the monitoring required negates investigation of the incidence of CSD in those patients who do not require neurosurgical intervention. Quantifying the vascular changes associated with CSDsuch as the suppression of low-frequency vascular oscillations 49 -non-invasively using MRI or near-infrared spectroscopy may offer a surrogate measure of CSDs in those patients with less severe grade SAH who undergo endovascular aneurysm treatment. Evidence suggests that CSDs are associated with cerebral ischaemia after poor grade SAH and are likely to contribute towards DCI. However, the absence of non-invasive biomarkers of CSD means the overall frequency of CSDs in patients after SAH remains unknown and the role of inhalation and i.v. anaesthetic agents and also treatments such as nimodipine and magnesium on CSD requires further investigation. Future studies into DCI will benefit from clear consensus definitions and clinical endpoints and should focus on the following questions that currently remain unanswered:
(1) Why is nimodipine the only pharmacological treatment to reduce the incidence of DCI and improve ischaemic outcomes and what is the mechanism behind this effect? (2) Can we develop more accurate experimental models of spontaneous aneurysm rupture that might replicate the physiological changes more accurately? (3) Does the initial period post-aneurysmal rupture offer a diagnostic and therapeutic target for interventions aimed at reducing the incidence of DCI and improving outcomes? (4) How important is CSD in the aetiology of DCI and what effect do current therapeutic interventions used in SAH have on its incidence and progression? (5) Is it possible to identify objective biochemical, electrocortical, or neuroimaging biomarkers of DCI that will allow earlier identification of those at risk (especially in sedated patients) and act as a target for future research into novel treatments? (6) Can we influence DCI at a genetic level both to identify patients at risk and to guide application of therapeutic interventions? In conclusion, DCI remains the major cause of mortality and morbidity in those patients who survive the initial bleed to hospital treatment. It now seems clear that DCI has a multifactorial aetiology beyond pure cerebral vasoconstriction and that future management strategies are likely to be based on combination therapies targeting vasoconstriction, disturbed neuronal function, and disturbed neurovascular coupling. 49 The interval between aneurysmal rupture and the onset of DCI provides a window for the application of preventative pharmacological therapies. Currently, however, the majority of therapeutic strategies in clinical use remain focused on improving cerebral perfusion in patients after the onset of DCI symptoms. More research is therefore required into the acute changes in cerebral physiology occurring in the first 72 h after SAH that may offer potential diagnostic and therapeutic targets for DCI in the future.
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